1. Introduction {#s0005}
===============

The leukotriene B~4~ (LTB~4~) receptor (BLT1) is a rhodopsin-family G-protein-coupled receptor (GPCR) expressed on the surface of inflammatory cells [@bib1]. LTB~4~ is a lipid mediator endogenously biosynthesized from an arachidonic acid found within in the phospholipid nuclear membrane in leukocytes and endothelial cells [@bib1]. In the initial inflammatory response, the LTB~4~-BLT1 system induces inflammatory cell functions, such as the chemotaxis, activation, and endothelial cell adhesion of leukocytes [@bib1]. LTB~4~ is involved in various inflammatory diseases, including asthma and chronic obstructive pulmonary disease [@bib2], and BLT1 antagonists have been developed as therapeutics for related diseases [@bib3].

*In vitro* studies and the detailed crystal structures of GPCRs, including BLT1, are indispensable for the functional analysis of GPCRs and the development of novel therapeutics using these targets. However, the low expression and unstable solubilization of integral membrane proteins have blocked research progress in these areas [@bib4]. Furthermore, GPCRs, which function as cellular switching molecules, are highly flexible and can switch between the inactive and active conformations. Various approaches to overcome these challenges have been attempted for structural studies of GPCRs [@bib5]. For example, exhaustive mutation screening and production of chimeric GPCRs bound with soluble stable proteins (e.g., T4 lysozyme or b562RIL) have been used to obtain detergent-tolerant GPCRs with high expression and to improve the conformation of GPCRs for crystallization within a suitable ligand complex and/or a conformationally "locked" antibody complex [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25].

Because the design of stabilized, detergent-solubilized proteins is indispensable for *in vitro* and structural studies of GPCR, we aimed to define residues thought to destabilize BLT1 and subsequently replace these residues with more favorable residues promoting the overexpression, solubilization, and purification of BLT1 based on the original mutant guinea pig BLT1 (gpBLT1) (dN15/Ser309Ala) [@bib4]. We focused on the helix capping residues and those forming internal hydrogen bonds to establish stabilized mutations suitable for purification and crystallization. We used the structure-based rational design of mutations for the stabilization of gpBLT1 in our previously established overexpression system of the original mutant gpBLT1 (dN15/Ser309Ala) in the methylotrophic yeast *Pichia pastoris* [@bib4]. The double mutations His83Gly^2.67^/Lys88Gly^3.21^ (where superscripts indicate Ballesteros--Weinstein numbering [@bib26]) improved the stabilization of the helix capping sites, increasing thermal stability by 5 °C in the large-scale preparation of the BLT1 membrane fraction and by 4 °C in the purified BLT1 sample. This rational approach may be also applicable for improving the stability of the other GPCRs having unfavorable residues at the expected helix-capping site.

2. Materials and methods {#s0010}
========================

2.1. Expression and purification of gpBLT1 mutants {#s0015}
--------------------------------------------------

Mutant gpBLT1s were overexpressed by *P. pastoris*, solubilized by dodecylmaltoside (DDM), and purified in the presence of BIIL260, a BLT1 antagonist, which was kindly donated by Boehringer Ingelheim together with BIIL284 for assay, as described previously [@bib4]. Ligand binding and 7-diethylamino--3-(4′-maleimidylphenyl)--4-methylcoumarin (CPM) assays were performed after removal of BIIL260 bound to the gpBLT1 mutants with Superose-12 gel-filtration (GE Healthcare, Uppsala, Sweden), eluted with assay buffer (50 mM Tris \[pH 8.0\], 150 mM NaCl, 5% glycerol, and 0.02% DDM) or CPM buffer (5 mM HEPES \[pH 7.4\], 150 mM NaCl, 5% glycerol, and 0.02% DDM). Total protein concentrations were determined using BCA assays (Thermo Scientific Pierce Protein Biology, Rockford, IL, U.S.A.).

2.2. Ligand binding and thermostability assays {#s0020}
----------------------------------------------

The ligand binding assays with the gpBLT1 expressed membrane fraction were performed as described previously [@bib4]. For measurement of thermal stability using the gpBLT1 membrane fraction, aliquots of membrane fractions from small and large expression cultures (10 and 0.4 μg protein in 10 mL and 1 L culture, respectively) were incubated for 30 min at each temperature and quenched on ice for more than 150 min. \[^3^H\]-LTB~4~ (PerkinElmer, Tokyo, Japan) binding was then measured. In the competitive ligand binding assay for the purified gpBLT1, the following immunoprecipitation method was applied to separate the \[^3^H\]-LTB~4~/BLT1 complex and the unbound \[^3^H\]-LTB~4~ incorporated in DDM micelles. First, 25 ng of purified gpBLT1 was reacted with 0.5 nM \[^3^H\]-LTB~4~ and cold ligands in 100 μL BLT1 binding buffer (50 mM Tris--HCl \[pH 7.4\], 10 mM NaCl, 10 mM MgCl~2~, and 0.02% DDM) at 4 °C for 12 h. The reaction solution was then mixed with 10 μL M2 anti-FLAG antibody agarose gel (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for 3 h. Next, the gpBLT1 adsorbed gel was washed twice with 200 μL ice-cold BLT1 binding buffer to remove the unbound ligand, and the washed gel was resuspended in 100 μL BLT1 binding buffer. The gel solution was mixed with 1 mL MicroScinti-20 scintillation cocktail (PerkinElmer), and the amount of bound \[^3^H\]-LTB~4~ was measured on a liquid-scintillation counter (PerkinElmer).

2.3. CPM assay {#s0025}
--------------

CPM assays were performed as previously described [@bib27] with some modifications. Before heat treatment, 30 μM CPM was incubated with 6 μM gpBLT1 for 3 h at 4 °C in CPM buffer to form CPM-thiol adducts with CPM-accessible Cys residues in native gpBLT1. The mixture was incubated for 30 min at each temperature and quenched on ice. The fluorescence spectrum was measured at excitation and detection wavelengths of 387 and 463 nm, respectively (the slit width of each filter was 1.5 nm) on a Shimadzu spectrofluorophotometer (RF-5301PC). For the blank, the same procedure was performed for the solution without gpBLT1, and the blank fluorescent intensity was subtracted.

2.4. Amino acid multiple alignments {#s0030}
-----------------------------------

Amino acid sequences of 274 human rhodopsin-family GPCRs and 28 vertebrate BLT1s were obtained from a protein BLAST search using the Swiss-Prot and nonredundant sequences modes, respectively. All sequences were aligned by ClustalW with manual modifications according to the conserved residues among GPCRs [@bib28].

3. Results {#s0035}
==========

3.1. Mutation design for stabilization {#s0040}
--------------------------------------

The residues contributing to the instability of gpBLT1 were predicted based on the amino acid homology and crystal structures of GPCRs. In principle, the profiles of ligand binding activities should be sustained by the mutants. We presumed that residues other than the completely conserved residues in the various vertebrate BLT1s would not be directly involved in ligand binding; therefore, completely conserved residues were excluded from the mutation targets. Based on 17 crystal structures, 274 amino acid sequences of human GPCRs, and 28 amino acid sequences of BLT1s in various vertebrates ([Fig. 1](#f0005){ref-type="fig"} and [Table S1](#s0080){ref-type="sec"}), we focused on elimination of the unfavorable helix capping sites from gpBLT1 and introduction of hydrogen bonds conserved in GPCRs but lacking in gpBLT1 [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib29], [@bib30]. First, the unfavorable residues in helix capping sites were replaced with more favorable, conserved residues among BLT1s at the C-terminal of the transmembrane helix II (TM-II; His83Gly^2.67^) and the N-terminal of TM-III (Lys88Gly^3.21^; [Fig. 1](#f0005){ref-type="fig"}A and [Table S1](#s0080){ref-type="sec"}). Second, putative hydrogen bonds were introduced by replacing residues that were conserved among GPCRs but not in BLT1 at the N-terminal of TM-II (Ala56Asn^2.40^; [Fig. 1](#f0005){ref-type="fig"}B) [@bib28] and at the putative cholesterol binding site (Leu109Ser^3.42^ or Leu109Thr^3.42^; [Fig. 1](#f0005){ref-type="fig"}C) [@bib25]. These five selected mutations were introduced in the previous construct of *dN15/Ser309Ala* gpBLT1 mutant [@bib4] as five single and 18 combinational mutations ([Table 1](#t0005){ref-type="table"}).Fig. 1Representative template structure for the mutational designs. The three-dimensional structure of the mutation site of gpBLT1 using the structures of known GPCRs. (A) The capping residues at TM-II and TM-III of *β*~2~ adrenergic receptor (PDB id: 2RH1). The corresponding capping residues Lys97^2.68^ and Gly102^3.21^ are colored in magenta, and Trp99^3.18^ and Cys106^3.25^ with the disulfide partner Cys191 as the conserved Trp^3.18^--Xxx--(Phe/Leu)^3.20^--Gly^3.21^--(Xxx)~3~--Cys^3.25^ sequence motif are colored in cyan. This motif, with the exception of Gly^3.21^, is conserved in gpBLT1. (B) The conserved hydrophilic residue 2.40 in the adenosine A~2A~ receptor (PDB id: 3REY). Residue 2.40 (Asn42) and the hydrogen bond partners are colored in magenta and cyan, respectively. The main-chain carbonyl group was drawn for Leu37. The hydrogen bond is shown as a dashed line. (C) The putative cholesterol-binding site of the adenosine A~2A~ receptor (PDB id: 3EIY). The corresponding residue 3.42 (Ser94) is colored in magenta. The hydrogen bond partners (with water molecules shown as red balls) are in cyan (Ser47^2.45^, which is conserved among GPCRs, including BLT1, is a hydrophilic residue) and green (Ser90^3.38^, which is not conserved; [Table S1](#s0080){ref-type="sec"}).Fig. 1Table 1Specific binding and relative remaining activity in construct screening and *T*~50~ after preparative-scale expression.Table 1MutantSpecific binding (dpm)[a](#tbl1fna){ref-type="table-fn"}RA[b](#tbl1fnb){ref-type="table-fn"}*T*~50~[c](#tbl1fnc){ref-type="table-fn"}25 °C40 °C(%)(°C)Ala56Asn^2.40^9±3220±4--N.D.His83Gly^2.67^4933±883332±4268N.D.Lys88Gly^3.21^5327±1183993±7175N.D.Leu109Ser^3.42^2179±274889±9241N.D.Leu109Thr^3.42^3193±2321567±8249N.D.Ala56Asn^2.40^/Leu109Ser^3.42^42±7−20±36--N.D.His83Gly^2.67^/Leu109Ser^3.42^4398±2073408±15977N.D.Lys88Gly^3.21^/Leu109Ser^3.42^3783±1482875±7776N.D.Ala56Asn^2.40^/Leu109Thr^3.42^28±1115±16--N.D.His83Gly^2.67^/Leu109Thr^3.42^4758±2073315±9770N.D.Lys88Gly^3.21^/Leu109Thr^3.42^4836±2783967±20182N.D.Ala56Asn^2.40^/His83Gly^2.67^5±309±13--N.D.Ala56Asn^2.40^/Lys88Gly^3.21^63±944±4--N.D.His83Gly^2.67^/Lys88Gly^3.21^5097±4823987±867848.6±0.1Ala56Asn^2.40^/His83Gly^2.67^/Leu109Ser^3.42^−2±21±32--N.D.Ala56Asn^2.40^/Lys88Gly^3.21^/Leu109Ser^3.42^21±30−6±37--N.D.His83Gly^2.67^/Lys88Gly^3.21^/Leu109Ser^3.42^5473±1335184±2909547.9±0.0Ala56Asn^2.40^/His83Gly^2.67^/Leu109Thr^3.42^2±1022±16--N.D.Ala56Asn^2.40^/Lys88Gly^3.21^/Leu109Thr^3.42^4±3218±36--N.D.His83Gly2.67/Lys88Gly3.21/Leu109Thr^3.42^4856±1144513±289348.0±0.2Ala56Asn^2.40^/His83Gly^2.67^/Lys88Gly^3.21^65±751±12--N.D.Ala56Asn^2.40^/His83Gly^2.67^/Lys88Gly^3.21^/Leu109Ser^3.42^12±7−9±8--N.D.Ala56Asn^2.40^/His83Gly^2.67^/Lys88Gly^3.21^/Leu109Thr^3.42^11±1425±11--N.D.Original (dN15/Ser309Ala)2523±751136±814543.5±0.5[^1][^2][^3]

3.2. Screening of the stability of gpBLT1 mutants expressed in small-scale culture {#s0045}
----------------------------------------------------------------------------------

The binding activities of five single gpBLT1 mutants, i.e., Ala56Asn^2.40^, His83Gly^2.67^, Lys88Gly^3.21^, Leu109Ser^3.42^, and Leu109Thr^3.42^, and 18 combinational gpBLT1 mutants, designed based on the multiple sequence alignment and known structures of GPCRs, were examined as described ([Table 1](#t0005){ref-type="table"}). First, the membrane fractions were screened using all the 23 mutants, including the original dN15/Ser309Ala, expressed in small cultures of *P. pastoris*. The specific LTB~4~ binding activities were sustained in all the mutants except for the 12 mutants containing the Ala56Asn^2.40^ mutation with no binding capability, i.e., with loss of specific LTB~4~ binding ([Table 1](#t0005){ref-type="table"}). The thermal stability of the active mutants was calculated as the relative remaining activity (%) of LTB~4~ binding after heat treatments at 40 °C to that of at 25 °C for each mutant.

Among the single mutations, His83Gly^2.67^ (68%) and Lys88Gly^3.21^ (75%) were much more thermally stable than the original dN15/Ser309Ala (45%), whereas both Leu109^3.42^ mutants, Leu109Ser^3.42^ (41%) and Leu109Thr^3.42^ (49%), did not exhibit increased thermal stability. The combinatorial mutant exhibited higher relative remaining activities than the single mutants, even for the Leu109^3.42^ mutants, which exhibited binding capabilities similar to that of the original protein. The triple mutants, His83Gly^2.67^/Lys88Gly^3.21^/Leu109Ser^3.42^ (95%) and His83Gly^2.67^/Lys88Gly^3.21^/Leu109Thr^3.42^ (93%), exhibited higher remaining specific activities than those of the double mutants. These results showed that mutations at His83^2.67^, Lys88^3.21^, and Leu109^3.42^ not only retained LTB~4~ ligand binding activity but also improved the thermal stability in an additive manner. The three double and triple combinational mutants His83Gly^2.67^/Lys88Gly^3.21^, His83Gly^2.67^/Lys88Gly^3.21^/Leu109Ser^3.42^, and His83Gly^2.67^/Lys88Gly^3.21^/Leu109Thr^3.42^ were selected for subsequent characterization studies after expression in preparative-scale culture.

3.3. Thermostability of the three combinatorial mutants expressed in preparative-scale culture {#s0050}
----------------------------------------------------------------------------------------------

The thermostability of the mutants expressed by preparative-scale culture (1 L) was measured by determining the melting temperature (*T*~50~), defined as the heat treatment temperature at which 50% of LTB~4~ binding activity remained. In this experiment, we used three combinatorial gpBLT1 mutants and the original dN15/Ser309Ala ([Fig. 2](#f0010){ref-type="fig"}A); all of the selected mutants had *T*~50~ values of about 5 °C higher than that of the original protein. The *T*~50~ values for His83Gly^2.67^/Lys88Gly^3.21^, His83Gly^2.67^/Lys88Gly^3.21^/Leu109Ser^3.42^, His83Gly^2.67^/Lys88Gly^3.21^/Leu109Thr^3.42^, and the original dN15/Ser309Ala were 48.6±0.1, 47.9±0.0, 48.0±0.2, and 43.5±0.5 °C, respectively ([Fig. 2](#f0010){ref-type="fig"}A). However, the membrane fractions of triple mutants including Leu109Ser^3.42^ and Leu109Thr^3.42^ were further stabilized after small-scale expression ([Table 1](#t0005){ref-type="table"}).Fig. 2Thermal stabilities and ligand binding profiles of the membrane fractions of the BLT1 mutants after preparative-scale expression. (A) The thermal stabilities of LTB~4~ binding using BLT1 mutants in the membrane fraction. His83Gly^2.67^/Lys88Gly^3.21^ (filled circles with thick line), His83Gly^2.67^/Lys88Gly^3.21^/Leu109Ser^3.42^ (open squares), His83Gly^2.67^/Lys88Gly^3.21^/Leu109Thr^3.42^ (open diamonds), and dN15/Ser309Ala as the original BLT1 (open circles with dotted line) are shown. The amount of LTB~4~ bound to the membrane fraction (0.4 μg protein) after heat treatment was normalized as the remaining activity, and the standard errors were calculated (*n*=3). (B) Saturation binding isotherm of LTB~4~ in the membrane fraction (0.4 μg protein), with standard errors (*n*=3). (C) Replacement assays for LTB~4~ with the antagonists BIIL260 and BIIL284, showing competitive binding to the membrane fraction (0.2 μg protein). Data include the standard errors (*n*=3).Fig. 2

The double mutation His83Gly^2.67^/Lys88Gly^3.21^ had a ligand binding profile similar to that of the original protein for various ligands, as described previously [@bib4]. The binding affinity for LTB~4~ (*K*~*d*~=8.2 nM) was comparable to that of the original dN15/Ser309Ala (*K*~*d*~=6.6 nM) in the saturation assay of membrane fractions ([Fig. 2](#f0010){ref-type="fig"}B). Furthermore, the expression level (*B*~max~) of His83Gly^2.67^/Lys88Gly^3.21^ was six times higher (311 pmol/mg) than that of the original (50 pmol/mg) [@bib4]. The competitive ligand binding affinity (Ki=12.9 nM for LTB~4~, 5.8 nM for BIIL260, and 395 nM for BIIL284) was also comparable to that of the original dN15/Ser309Ala (Ki=3.8 nM for LTB~4~, 9.4 nM for BIIL260, and 165 nM for BIIL284; [Fig. 2](#f0010){ref-type="fig"}C). These results indicated that the double mutation of His83Gly^2.67^/Lys88Gly^3.21^ improved the thermal stability of the protein without significantly affecting the ligand binding profile in gpBLT1.

3.4. Characterization of the purified His83Gly^2.67^/Lys88Gly^3.21^ mutant {#s0055}
--------------------------------------------------------------------------

The most thermostable mutant (His83Gly^2.67^/Lys88Gly^3.21^) was expressed and purified by preparative scale culture, and ligand-binding capability and thermostability were measured. The purified His83Gly^2.67^/Lys88Gly^3.21^ protein was produced at a yield of more than 1.0 mg from 1 L culture of *P. pastoris*. The purified mutant showed single monodispersion in gel-filtration analysis, as shown in the original purified protein [@bib4]. The competitive ligand binding affinities of the purified mutant (IC~50~=2.4 nM for LTB~4~ and 6.4 nM for BIIL260; [Fig. 3](#f0015){ref-type="fig"}A) were similar to those of the mutant His83Gly^2.67^/Lys88Gly^3.21^ in the membrane fraction ([Fig. 2](#f0010){ref-type="fig"}B and C). The solubilized and purified His83Gly^2.67^/Lys88Gly^3.21^ showed less affinity for the moderate antagonist BIIL284 ([Fig. 3](#f0015){ref-type="fig"}A).Fig. 3Ligand binding profiles and thermal stabilities of the purified BLT1 mutant, His83Gly^2.67^/Lys88Gly^3.21^. (A) Replacement assays of LTB~4~ with LTB~4~ (open circles) and the antagonists BIIL260 (filled circles) and BIIL284 (open triangles), showing competitive binding to the purified His83Gly^2.67^/Lys88Gly^3.21^ (25 ng protein; *n*=3). (B) The thermal stabilities of the purified His83Gly^2.67^/Lys88Gly^3.21^ (filled circles) and original BLT1 (open circles) using CPM assays (*n*=3).Fig. 3

The double mutant His83Gly^2.67^/Lys88Gly^3.21^ exhibited significantly improved thermal stability after purification. The *T*~50~ values in the CPM assay were 61.5±0.1 and 57.3±0.1 °C for His83Gly^2.67^/Lys88Gly^3.21^ and the original dN15/Ser309Ala, respectively ([Fig. 3](#f0015){ref-type="fig"}B). The discrepancy between the absolute *T*~50~ values obtained in the CPM assay versus the ligand binding assay (e.g., 61.5 and 48.6 °C, respectively, for the mutant His83Gly^2.67^/Lys88Gly^3.21^) could be explained by differences in the measurement methods. That is, the ligand-binding assay directly measures the amount of binding of the agonist LTB~4~ with gpBLT1, whereas the CPM assay titrates the solvent-exposed thiol group of cysteine in gpBLT1 with increasing temperature [@bib27]. Additionally, the CPM assay subjects proteins to harsh conditions for denaturation. The thermal stabilization by the double His83Gly^2.67^/Lys88Gly^3.21^ mutant was improved by 4 °C in the purified state ([Fig. 3](#f0015){ref-type="fig"}B) and by about 5 °C in the membrane fraction ([Fig. 2](#f0010){ref-type="fig"}A).

4. Discussion {#s0060}
=============

In this study, we performed structure-based rational mutations of gpBLT1 to enhance the thermal stabilization of the protein. Among the combinatorial mutants produced by rational designs, the double mutation of His83Gly^2.67^/Lys88Gly^3.21^, which was designed to stabilize the putative helix capping sites, improved the thermostability of gpBLT1 by 5 °C in the membrane fraction and by 4 °C in the DDM-solubilized and purified state. These results supported that the instability of the local site could influence the overall stability of the protein structure, as previously described in soluble proteins [@bib31].

Lys88Gly^3.21^ was designed to stabilize the putative N-terminal end of TM-III of gpBLT1 by replacing the expected unfavorable residue Lys88^3.21^ with a favorable Gly residue at the putative N-terminal capping site [@bib32]. In all the N-terminal regions of TM-III for GPCRs of known structures, the capping site is at residue 3.21, and the N'''→N4/N'''W;N4C structural motif is conserved at this site [@bib33] ([Text S1](#s0075){ref-type="fn"}). The amino acid sequence Trp^3.18^ (N"')--Xxx^3.19^--(Phe/Leu)^3.20^--Gly^3.21^(Ncap)--(Xxx)~3~^3.22-24^--Cys^3.25^(N4) is also conserved in most vertebrate BLT1s and other GPCRs but includes Lys88^3.21^ in gpBLT1. We expected that gpBLT1 should have the same structural motif N'''→N4/N'''W;N4C and that Lys88^3.21^ would be present as the capping residue. In this case, the positive charge of the amino group of the Lys residue side chain would become the repulsive force acting on the helix dipole of the TM-III, which would be unfavorable for protein stability.

The second His83Gly^2.67^ mutation at the C-terminal of TM-II is expected to be the other capping residue stabilizing the end of the helix. Unlike the N-terminus of TM-III, it was difficult to predict the specific C-terminal capping site of TM-II in gpBLT1. In the amino acid alignment, His83^2.67^ was predicted to be the capping residue ([Text S1](#s0075){ref-type="fn"}). In 23 out of 28 vertebrate BLT1s, the corresponding residue 2.67 was the most favorable with Gly as the capping residue. The His83^2.67^ side chain in gpBLT1 would not be expected to be favorable at the capping site because it would prevent solvation of the helix C-terminal end [@bib32], [@bib34] and would cause loss of entropy due to the conformational restrain of the side chain [@bib35]. Moreover, the steric hindrance between its *β*-carbon and the backbone carbonyl should be unfavorable if His83^2.67^ is in the left-handed helix (α~L~) conformation, as is often observed in the C-capping site [@bib36]. In fact, the His83Gly^2.67^ mutation improved the remaining activity at 40 °C.

The stability of the capping site should be particularly important for TM helices fully embedded in the low dielectric constant membrane, and helix-capping mutations can be used to stabilize other GPCRs. In fact, a conserved interaction was observed between the main chain carbonyl groups of residues 7.54 and 7.55 at the C-terminal end of the TM-VII and the positive side chains of Arg or Lys in all of the GPCR crystal structures except those of the chemokine CXCR4 [@bib18] and the neurotensin receptor [@bib7]. A water molecule was found at the hollow of some helix-kinks of the TMs in the high-resolution crystal structure of GPCRs, indicating that the helix kink was stabilized by a "wedged" water with connecting hydrogen bonds burying the helix-kink gap to compensate for the loss of the hydrogen bond [@bib37]. There are several solvent molecules at the helix end region in the A~2A~R high-resolution structure [@bib14]. The stabilization of the helix end is expected to act as a stabilization element for the GPCR structure, providing electrostatic compensation for the α-helical dipole momentum edges, particularly in the molecular and membrane boundary regions where the effects are greater than in the bulk solvent region owing to the lower dielectric constant.

Mutations at the other two examined regions were not effective. In particular, mutation of Leu109^3.42^ at TM-III to Thr or Ser was expected to stabilize the cholesterol-binding site [@bib25] by forming a hydrogen bond network with the Ser47^2.45^ at TM-II and Trp144^4.50^ at TM-IV, as observed in the 15 known structures of GPCRs. Mutation of Leu109^3.42^ was useful for improving the thermal stability of BLT1 mutants in small-scale expression experiments but was not effective when using preparative-scale culture. The lipid composition of the cell membrane of *P. pastoris* may be different depending on culture size; however, the details of this phenomenon are still unclear. Alternatively, the Ala56Asn^2.40^ mutation causes complete loss of function of BLT1, but does not affect LTB~4~ binding directly because Ala56^2.40^ is located between the TM helices close to the N-terminal region of TM-II at the cytoplasmic surface and is expected to be far from the ligand-binding site at the middle of the TM bundle [@bib28]. The Ala56Asn^2.40^ mutation was expected to result in misfolding because this residue is essential for appropriate folding of the protein (text S1). These data indicate that creating a proper hydrogen bond in the folded TMs is critical because the hydrogen bond is geometrically stricter in terms of distance and direction than helix capping. Furthermore, the Gly residue present in the helix-capping region may be more adjustable due to the lack of a side chain. In this study on gpBLT1, double consecutive helix-capping mutations of the C-capping end of TM-II and the N-capping end of TM-III additively improved the thermal stabilization of the protein. These data supported the increased conformational adjustability in the helix-capping end by Gly residue substitution, with no restriction in position and orientation by hydrogen bond formation or steric hindrance by the side chain neighbor atoms.

In this study, the stabilization of the TM helix end was achieved for gpBLT1 by prediction of the helix-capping sites and replacement with Gly, and we propose the application of the helix-capping approach to stabilize other GPCRs having unfavorable residues at the helix-capping site. In the 17 crystal structures of GPCRs analyzed in this study, putative unfavorable capping sites were detected at 35 sites in 14 GPCRs. Among these helix-capping sites, we identified Coulomb repulsion occurring between similarly charged side chains against the α-helical dipole, the isolated helix end from the solvent by the bulkier side chain, and the left-handed helical (α~L~) conformation with non-Gly residues within the crystal structures. Similarly, out of the 274 human GPCRs, putative unfavorable residues were also found at 349 sites in the 209 GPCRs, where the repulsive charged amino acids and bulkier hydrophobic residues were located at the expected helix ends of the TM, as shown by simple searching of the multiple sequence alignments of the GPCR amino acid sequences. In contrast, it was not possible to predict the α~L~ conformation of non-Gly residues. These results suggested that there may be unfavorable helix capping sites in many other GPCRs and that mutations at helix capping sites may be useful for stabilization of GPCR proteins, as shown in our rational approach with gpBLT1 in this study ([Table S2](#s0075){ref-type="fn"}).

In the ligand binding profiles of the mutants, we observed differences between membrane fractions containing expressed gpBLT1 and purified gpBLT1 samples, particularly for that of BIIL284, the prodrug of BIIL260. One possible explanation for this difference is the different lipidic environments of gpBLT1 in the *P. pastoris* membrane, causing variation in the lateral pressure and/or electrostatic potential patterns and in DDM-solubilized state. Indeed, these environments are completely different, both chemically and physically. BIIL284 is the ethoxycarbonyl prodrug of BIIL260 and has a larger molecular size than BIIL260 [@bib38]. Therefore, it is possible that the binding affinity of the prodrug group of BIIL284 may be affected by the DDM-solubilized state of gpBLT1 to a greater extent than those of BIIL260 and LTB~4~.

5. Conclusion {#s0065}
=============

In summary, our current structure-based rational approach for protein stabilization was less laborious than approaches described in previous stabilization studies using exhaustive Ala-scan mutations for crystallization of GPCRs with unknown structures [@bib6], [@bib7], [@bib21]. Mutational design focusing on helix capping stabilization could be widely applicable for GPCR stabilization. However, the effects of independent mutation on improvement of protein stability should accumulate in an additive manner [@bib39], and alternative approaches should be implemented to achieve sufficient stabilization for a variety of studies in addition to structural studies. Structural and functional predictions will become increasingly relevant, particularly predictions of the structure of the TM helix region in GPCRs, for both sample preparation of isolated active proteins and computer-aided drug design. In this study, we predicted which residues would be unfavorable for protein stability and replaced these residues with residues that would be physicochemically favorable, taking advantage of available structural and amino acid sequence information. Our results showed that this method was experimentally effective. However, it is difficult to predict the precise helix capping site in some TMs in GPCRs, thus it would be valuable that the criteria of the unfavorable or favorable residues at the helix capping site specific for the membrane proteins among limited helical transmembrane structures including GPCRs.
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[^1]: The value is the average specific binding with the standard deviation. The average specific binding was calculated as the difference between the total binding (*n*=3) and the nonspecific binding (*n*=2). Total and nonspecific binding were set as the binding activity for 0.5 nM \[^3^H\]-LTB~4~ for each membrane fraction without or with 0.5 μM LTB~4~ treatment, respectively. The membrane fractions from the small-scale expression experiment were reacted using the same amount (10 μg) of total protein.

[^2]: The remaining activity (RA, %) is the ratio of the specific binding at 25 °C to that at 40 °C.

[^3]: *T*~50~ is the half remaining binding activity temperature measured using the membrane fraction gpBLT1 (0.4 μg protein) from preparative-scale expression. A representative result is shown in [Fig. 2](#f0010){ref-type="fig"}A. N.D.: not determined.
